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In a novel Tl22xBixMn2O7 (0 # x # 0.5) pyrochlore series magnetoresistance (MR) dramatical
increases with Bi substitution: A value of MR at 9 T of104% is observed for Tl1.8Bi0.2Mn2O7 at
110 K; for Tl1.9Bi0.1Mn2O7 the room temperature MR (9 T) is102%. Those values are unprecedented
in pyrochlorelike manganese oxides, and open up the possibility of technological applications
cluster-glass state develops, competing with ferromagnetism forx # 0.1 and preventing long range
ferromagnetic ordering forx $ 0.2. A new mechanism for MR at room temperature, associated wi
polaronic effects, is proposed. [S0031-9007(98)08158-7]

PACS numbers: 75.70.Pa, 71.30.+h, 71.38.+ i, 75.10.Nr
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The broad classification of colossal magnetoresistan
(CMR) materials includes those compounds in whic
magnetoresistance is associated with a ferromagnetic
paramagnetic phase transition [1], close to the Curie te
perature (Tc). The prototypical CMR material is derived
by hole doping of the parent perovskite LaMnO3, for in-
stance, in La12xAxMnO3 (A  alkali-earth). In conjunc-
tion with the double-exchange interaction, the existen
of a strong electron-phonon coupling is also viewed
essential for a microscopic description of CMR in th
manganite perovskites [2–4]. However, the observati
of CMR in Tl2Mn2O7 [5,6] shows that there can be
causes other than double exchange for this phenomen
Tl2Mn2O7 crystallizes in the cubic pyrochlore-type struc
ture, also constituted by vertex-sharing MnO6 octahedra,
with a characteristic Mn-O-Mn bond angle close to 133±.
At variance with manganite perovskites, in Tl2Mn2O7
the high-temperature state is metallic [5], there is n
structural anomaly associated with the change in ma
netotransport properties atTc  142 K, suggesting weak
spin-lattice and charge-lattice correlations [7], and there
no Mn31-Mn41 mixed-valence or Jahn-Teller distortion
in the MnO6 octahedra [8,9]. A superexchange-type in
teraction has been suggested to stabilize the ferromagn
(FM) ordering of Mn spins [7], whereas the metallic con
ductivity comes from the overlap between Mnt2g- and Tl
6s-block bands, resulting in a partial filling of the Tl6s-
block bands [10]. One possible explanation for the CM
effect in Tl2Mn2O7 is strong scattering of conduction
electrons by spin fluctuations (SF) associated with FM o
dering on the Mn-O lattice [11]. This scenario implies th
presence of two distinct electronic subsystems: itinera
(weakly magnetic), concerning the hybridization of M
and Tl bands, and localized (strongly magnetic), involvin
the large local moment of Mn3d electrons. The possibil-
ity of independently tuning the materials parameters re
0031-9007y99y82(1)y189(4)$15.00
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vant in a SF model, through the substitution Sc for Tl
Tl22xScxMn2O7, has recently been shown [12]. In thes
pyrochlores, both resistivity and magnetoresistance
considerably enhanced over the undoped (x  0) com-
pound. It seems that scandium substitution mainly affe
electronic conduction on the Tl-O sublattice while leavin
magnetism essentially unchanged. Using this result to
novel substitutions which could improve both the phys
cal properties of the parent Tl2Mn2O7 compound and shed
some light on the mechanism of magnetotransport in m
ganese pyrochlores was stimulating. Here we study
effect of substituting Bi for Tl in Tl22xBixMn2O7. Bis-
muth is trivalent like thallium, but it has a larger ionic
radius (Tl31: 0.98 Å, Bi31: 1.17 Å) and, which is more
important in describing the mixed Tl-Bi-Mn-O system
it has a6s2 electron lone pair able to participate in th
chemical bonds to oxygens in the pyrochlore structu
Tl22xBixMn2O7 (x  0, 0.1, 0.2, 0.3, 0.4, 0.5) pyrochlores
were prepared under high-pressure conditions. The re
tion was carried out in a piston-cylinder press, at a pre
sure of 20 kbar at 1000±C for 1 h. The reaction products
were characterized by x-ray diffraction: All of the re
flections could be indexed in a cubic unit cell, the la
tice parameter of which regularly increases withx, from
a  9.9052s5d Å for Tl 2Mn2O7, to a  9.9514s7d Å for
Tl1.5Bi0.5Mn2O7. This variation is consistent with the
larger ionic radius for Bi31 compared with that for
Tl31. Neutron powder diffraction data, collected at D2
diffractometer (ILL-Grenoble) forx  0 and x  0.2
compounds and refined according to the conventio
pyrochlore structure [13], space group Fd-3m, show th
Mn-O distance slightly increases from 1.9016(9) Å fo
Tl2Mn2O7 to 1.9029(9) Å for Tl1.8Bi0.2Mn2O7. Mn-O-
Mn angles significantly increase fromx  0 [134.09(3)±]
to x  0.2 [134.41(3)±] materials. The dc and ac mag
netic susceptibility were measured with a commerc
© 1998 The American Physical Society 189
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SQUID magnetometer on powdered samples; transp
and magnetotransport measurements were performed
the conventional four probe technique, under magne
fields up to 9 T in a physical properties measureme
system (PPMS) from Quantum Design. The dc mag
netic susceptibility vs temperature data (Fig. 1A) sho
a low-temperature saturation for Tl2Mn2O7 characteris-
tic of the long range FM ordering described earlier [5,6
However, forx . 0 the presence of irreversibilities [dif-
ferences between field-cooled (FC) and zero-field-cool
(ZFC) curves] even for Tl1.9Bi0.1Mn2O7 suggests the ex-
istence of antiferromagnetic (AFM) interactions compe
ing with the net ferromagnetism exhibited by Tl2Mn2O7.
From the magnetization vs magnetic field curves, the sa
ration magnetic moments (Ms) are found to decrease from
2.65mByMn for Tl2Mn2O7 (close to that expected for
Mn41 of 3.0mB) to hardly 0.5mByMn for x  0.5, as
indicated in Table I. This is in strong contrast with the
observed behavior for the Tl22xScxMn2O7 series [12],
showing a relative insensitivity ofMs with x. On the

FIG. 1. (A) dc magnetic susceptibility as a function o
temperature showing zero-field-cooled (lower) and field-coole
(H  0.1 T, upper) curves; and (B) inverse susceptibility vs
temperature. The straight lines are a guide to the eye.
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other hand, low-temperature neutron diffraction demo
strates the absence of long range magnetic ordering
Tl1.8Bi0.2Mn2O7, in contrast with the FM contribution to
the neutron scattering on low-angle crystallographic r
flections observed in Tl2Mn2O7 below 110 K. In ad-
dition, specific heat measurements for Tl2Mn2O7 show
a sharp peak at 112 K related to FM ordering, in co
trast with Tl1.8Bi0.2Mn2O7 for which no peak is observed
in all of the temperature range. In the paramagne
region, the inverse susceptibility1yx vs T plot (Fig. 1B)
shows a Curie-Weiss behavior only for temperatur
higher than 220 K (i.e.,ø1.6Tc for Tl2Mn2O7). The
paramagnetic momentspd reaches a maximum value fo
x  0.2, p is within s3.50 3.80dmByMn (expected for
spin-only Mn41, 3.80mB). For T . Tc, the presence of
some magnetic correlations preclude the linear Cur
Weiss behavior; this regime could be described as a sp
polaron-like state, in the framework of a recent model f
a low-density electron gas coupled to FM spin fluctu
tions [14]. The ac magnetic susceptibility measureme
give evidence for a cluster-glass-like behavior which d
velops even for undoped Tl2Mn2O7. For Bi substitutional
levelsx $ 0.2, thex 0 decrease observed at low temper
tures, strongly frequency dependent, is the signature fo
cluster-glass behavior. In thex 00 susceptibility a broad
maximum at 40 K forx  0 and x  0.1 compounds
transforms into a sharp cusp at 38 K forx  0.2, which
is suppressed towards lower temperatures for increas
Bi-substitutional rates. This cusp corresponds to the cr
tallization of the cluster-glass state (Tirr in Table I). We
believe that the spin-polaron-like state observed abo
Tc collapses at lower temperatures into the cluster-gla
state belowTirr . It should be recalled that A2Mn2O7 py-
rochlores (A  Sc, Y, Ho, Yb, and Lu) exhibit [15] clear
FC-ZFC irreversibilities, and ac susceptibility results in
dicate the presence of both near-neighbor AFM and F
(second and third neighbor) short range correlations,
common with spin glasses. As the Bi-substitutional ra
increases, the AFM interactions are favored by the furth
opening of the superexchange Mn-O-Mn angles (for i
stance, 134.40(3)± for x  0.2 compared to 134.09± for
x  0) and the weakening (lengthening) of Mn-O bond
giving rise to a completely disordered cluster-glass syst
at low temperatures forx $ 0.2.

Transport measurements were performed on “a
grown” pellets, directly sintered under the high-temper
ture/high pressure synthetic conditions. The transp
properties show an extraordinary dependence ofrsT d
with x (Fig. 2). rs300 Kd increases by more than 6
orders of magnitude asx goes from 0 to 0.5 (see also
Table I). This is associated mainly with the reductio
in the concentration of Tl atoms, which is thought t
be responsible for the large electronic conductivity
Tl2Mn2O7, through the mixing of the voluminous Tl
6s orbitals with Mn 3d orbitals, in contrast with other
insulating A2Mn2O7 pyrochlores [15]. It is reasonable to
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TABLE I. Magnetic and electrical parameters as a function of Bi concentration in Tl22xBixMn2O7. Resistance data for RT. MR
data are for RT and 9 T.

Tc Tirr Ms p r MR Eacts0 Td Eacts9 Td
x (K) (K) smBd smBd sV cmd % (meV) (meV)

0.0 135 42 2.65 3.77 4.0 3 1021 10 · · · · · ·
0.1 95 40 1.85 3.76 1.0 3 102 100 94.9 68.1
0.2 · · · 38 1.22 3.80 3.0 3 103 20 147 94.7
0.3 · · · 36 0.71 3.61 1.0 3 104 6 · · · · · ·
0.4 · · · 34 0.55 3.56 3.0 3 105 10 288 272
0.5 · · · 32 0.52 3.50 7.0 3 105 · · · 336 313
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assume that Bi substitution introduces a strong-scatteri
6s vacancy into the Tl-O network. The6s2 electrons of
Bi31 are certainly not involved in the hybridization with
Mn 3d orbitals, since they probably participate in stron
covalent bonding to O′ atoms, as happens in Bi2Ru2O7
pyrochlore [16], and, therefore, Bi is not capable o
contributing states at the Fermi level. From preliminar
far-infrared reflectivity measurements [17] the number o
carriers (electrons) at 77 K has been estimated to decre

FIG. 2. (A) Resistivity vs temperature plots atH  0 (upper)
and 9 T (lower) curves; and (B) temperature variation o
the magnetoresistance atH  9 T, defined as MRs9 Td 
100xfRs0d 2 Rs9 TdgyRs9 Td for Tl22xBixMn2O7. The inset
shows the magnetic field dependence for Tl1.9Bi0.1Mn2O7 at
four selected temperatures.
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by a factor of 2 from Tl2Mn2O7 to thex  0.1 compound.
The evolution ofrsT d is also stronglyx dependent (see
Fig. 2A): For x $ 0.1 a semiconductinglike behavior is
observed at high temperatures, leading to a maximum
resistivity, followed by a minimum at lower temperatures
and, for x $ 0.2, a new increase inr below 50 K.
This localization at low temperature could be related
the freezing temperature (Tirr ) of the cluster-glass state
for doping levelsx $ 0.2. Regarding the changes in
rsT d under a magnetic field we define MRs9 Td 
100xfRs0d 2 Rs9 TdgyRs9 Td. The evolution of
MR(9 T) with x is spectacular: As shown in
Fig. 2B, MR(9 T) increases from9.5 3 102% (x  0,
T  145 K) to 7.0 3 103% for x  0.1 at 125 K. For
Tl1.8Bi0.2Mn2O7 this maximum is shifted to 110 K and
MR(9 T) is of the order of104%, and, below 50 K
MR(9 T) dramatically increases, taking values high
than 105% at 10 K. This is related to the huge increas
in r for doping levelsx $ 0.2 when the external field is
zero and the cluster-glass state is established: Throu
the application of a strong magnetic field the magne
clusters become oriented and the size of the FM doma
increases, dramatically reducing the spin fluctuatio
scattering and, therefore, the electrical resistance. T
occurrence of CMR coupled to a spin-glass state h
been observed in perovskite-related compounds, su
as sTbLad2y3Ca1y3MnO3 [18] or RNi0.3Co0.7O3 [19],
but this is the first report of CMR associated with
cluster-glass state in pyrochlore-type compounds. T
inset in Fig. 2B shows the magnetic field dependence
MR [given asRsHdyRs0d] for Tl 1.9Bi0.1Mn2O7 at some
selected temperatures. It is remarkable that most of
magnetoresistant effect atT  100 K, close to Tc, is
obtained at low field (H , 2 T), with a slope higher than
22 T21. This feature is in contrast with that observe
in manganese perovskites, i.e., La0.7Ca0.3MnO3, where
roughly 50% of the MR effect is obtained at low field
whereas the remaining 50% is a high-field effect. This r
sult suggests that in Bi-substituted pyrochlores the gra
are fully magnetized and the grain boundary is extreme
small compared with the grain volume. Moreover, th
most remarkable feature of the Tl22xBixMn2O7 system
lies in the room temperature (RT) behavior. As indicate
in Table I, RT MR(9 T) value for Tl2Mn2O7 is 10%,
191
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FIG. 3. Phase diagram for the Tl22xBixMn2O7 system. Tc:
ferromagnetic Curie temperature;Tirr : cluster-glass freezing
temperature from the magnetic susceptibility irreversibility
TMI: metal-to-insulator transition temperature.

enhanced up to a maximum of102% for Tl1.9Bi0.1Mn2O7.
This is comparable to the best results obtained for p
ovskite manganites, with large cations at theA positions,
showing MR in the102% range [20]. At present, MR
in pyrochlores was described only to occur below 200 K
The possibility of achievement of large MR at RT wa
supposed to be associated with the increase ofTc, perhaps
with the use of magnetic ions with larger exchange ene
gies instead of Mn. The present results show that Bi su
stitution may enhance RT and low-field MR up to leve
which makes it possible for one to propose these mate
als as candidates for technical applications. We propo
that this effect is related to the spin-polaron conductivit
which is mainly responsible for the transport in that tem
perature regime. The resistivity atT . QW can be de-
scribed by an Arrhenius law with activation energiesEact
ranging from 95 meV (x  0.1) to 336 meV (x  0.5)
(see Table I). Eact is strongly dependent on the exter
nal magnetic field, giving a maximum reduction at 9
of 36% for thex  0.2 pyrochlore. The observed reduc
tion in resistivity under an applied field is explained b
both the increase in the concentration of spin polaro
and their spin alignment parallel to the magnetic fiel
The strong decrease of the activation energy, of abo
23.5%T21, suggests a purely magnetic polaron, localize
by a polarization cloud (spin-bag). Preliminary data o
small-angle neutron scattering indicate a correlated s
for magnetic polarons at about 10–15 Å near RT [21
This polaron size is close to that observed in magneto
sistant perovskites [3]. All of the available information i
presented in the phase diagram shown in Fig. 3. For lo
Bi-substitutional levels (x # 0.1) the system is metallic
and orders ferromagnetically with a reentrant spin-gla
behavior at low temperature. For higher Bi content
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x $ 0.2, the system is magnetically frustrated, showing
a cluster-glass-like behavior below characteristic freezin
temperatures (Tirr ) close to 40 K, and metal-to-insulator
transitions atTMI temperatures which strongly decrease a
x increases. We have shown that moderate pressure s
thesis techniques can be used to prepare a Bi-substitu
series of pyrochlores based on Tl2Mn2O7, in which mag-
netoresistance is hugely enhanced. For the first time w
show the occurrence of CMR coupled to a cluster-glas
state in a pyrochlore system: It is thought that the appl
cation of an external field increases the size of the ferro
magnetic domains, hence, diminishing the spin fluctuatio
scattering in the sample. At variance with mixed-valenc
manganese perovskites, in which RT MR is achieved b
pushing upTc, in the Tl22xBixMn2O7 series we show that
the occurrence of localized 10–15 Å magnetic polaron
at T . QW accounts for the large MR (up to102 for an
x  0.1 compound) observed at room temperature, we
above Tc. Those MR values are unprecedented in py
rochlorelike manganese oxides, and open up the possib
ity of technological application for these materials.
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